Harbor seals Phoca vitulina haul out on land to give birth to and rear their pups, rest, escape aquatic predation and molt. The choice of a haul-out site is therefore fundamental to survival and reproduction. Aerial surveys of harbor seals were conducted in Cook Inlet, Alaska, to investigate the seals' selection of various environmental characteristics of haul-out sites. Eight surveys from April, June, August and October were performed to understand how haul-out site use varies seasonally. A GIS database describing all potential haul-out habitats in the study area was created by acquiring separate data sets on bathymetry, sea-bed type, proximity to sources of anthropogenic disturbance, prey availability, biological wave exposure and substrate type. Because harbor seal abundance and several environmental features varied temporally, 4 separate models were developed to account for conditions specific to each survey month. Spatial regression analyses, which allowed data to be spatially autocorrelated, were used to identify the relationships between harbor seal abundance and environmental variables associated with haul-out sites. Harbor seals were found to haul out near available prey and to avoid areas high in anthropogenic disturbance. The seals also selected haul-out sites of rock substrate and those that were near deep water.
INTRODUCTION
Harbor seals Phoca vitulina are semi-aquatic mammals (Pitcher & McAllister 1981 ) that depend upon the marine environment for their food supply, but haul out on land or ice to perform many of their most fundamental behaviors (Watts 1996) . They haul out to rest (da Silva & Terhune 1988), maintain skin health (Feltz & Fay 1966) , molt (Ling 1984) , play (Renouf & Lawson 1986) , escape aquatic predation (Watts 1992) and give birth to and rear their pups (Thompson 1989) . These ultimate explanations of haul-out behavior are well known, but the proximate mechanism of haul-out site selection remains largely unknown. The main goal of this study was to determine relationships between environmental variables and the selection of haul-out sites by harbor seals.
Most studies of harbor seal haul-out use focus on the ways that date, time of day, tide conditions and weather impact harbor seal abundance . Some studies have suggested certain factors that could be important in the selection of a haul-out site. Researchers have proposed that harbor seals select sites that are low in disturbance (Schneider & Payne 1983 , Thompson 1989 ), close to available prey (Scheffer & Slipp 1944) , protected from wind exposure (Bjørge et al. 2002) and with access to deep water (Scheffer & Slipp 1944 , Sullivan 1980 . Our specific goal, then, was to investigate the importance of these and other factors in the selection of haul-out sites by harbor seals.
To determine the abundance and distribution of harbor seals hauled out along the shores of Cook Inlet, Alaska, we conducted aerial surveys. These surveys were performed during the summer months of June and August, when harbor seals hauled out in greater numbers (Sullivan 1980 , Jemison & Kelly 2001 , as well as April and October, when the numbers of seals ashore were typically lower. We created a GIS database of different environmental variables describing the habitat of Cook Inlet. We developed 4 seasonally specific models that assumed spatially autocorrelated error structures. With these models we were able to determine which environmental variables harbor seals selected when hauling out on land.
MATERIALS AND METHODS
Study area. The study area included central and lower Cook Inlet, Alaska, with the northern boundary at the forelands near the village of Nikiski and the southern boundary at Cape Douglas (Fig. 1) . Cook Inlet is a tidal estuary with a predominantly northto-south orientation that opens into the Gulf of Alaska via the Shelikof Strait and the Kennedy and Stevenson entrances (Muench et al. 1978) . It has an area of 20 000 km 2 with 1350 km of coastline (Rugh et al. 2000) . The coastline has a variety of different substrates, with reefs and rock more common in the south and with mudflats almost exclusively in the north. Cook Inlet has a mean depth of close to 60 m (Muench et al. 1978) , tides that range from 6 to 9 m and currents as high as 12 knots (Moore et al. 2000) .
Aerial surveys. A total of 8 aerial surveys (April 2004 & 2005 , June 2003 & 2004 , August 2003 & 2004 and October 2003 & 2004 were flown from 2003 to 2005. Each aerial survey typically lasted 7 to 10 d, with the first couple of days consisting of a comprehensive search of the entire coastline to identify all Phoca vitulina haul-out sites. An area where at least 1 seal had hauled out on at least 1 d constituted a haul-out site (Fig. 2) . The position of each haul-out site was marked with a GPS unit, and the site was revisited on multiple days over the remainder of the survey.
Each flight was conducted from 2 h before low tide to 2 h after low tide, when harbor seals are more likely to be hauled out (Allen et al. 1984 , Watts 1996 , Bjørge et al. 2002 . Due to the large size of Cook Inlet, the study area was divided into 2 routes to allow complete coverage each day. The northern route was flown with a single engine plane (Cessna 185 or Cessna L-19) that maintained a speed of 80 to 100 knots. The southern route was flown with a twin engine plane (AC-680 or AC-690) that maintained a speed of 110 to 130 knots. The flights were conducted at altitudes of 150 to 275 m.
Haul-out sites with <10 harbor seals were often counted visually, but larger haul-outs were photo- graphed. Seals in the photographs were counted in the laboratory using digital editing programs (ACDSee and Adobe Photoshop CS). Any observations in which the count was compromised as a result of site disturbance or low picture quality were removed. Pups, which could be visually identified in June, were also excluded from the analysis. As pups were completely dependent upon their mothers in the month of June, it was assumed that they did not make a selection for a haul-out site. Young-of-the-year, those seals weaned from their mother in the year of their birth, were included in the analysis of the months of August, October and April, when they would be making independent haul-out site selections. GIS analysis. Habitat unit structure: To model the terrestrial habitat use of harbor seals in Cook Inlet, we first identified all available haul-out areas. In estuaries, the intertidal range commonly presents the only suitable haul-out habitat for harbor seals (Thompson et al. 1997) . In Cook Inlet, this intertidal range is between the mean high tide line (+ 5 m) and the extreme low tide line (-2 m). Using fine-scale bathymetry and coastal contour line data, this area was isolated. We then added a uniform grid structure at a resolution of 500 m 2 over the whole study area in ArcMap 9.0. This grid lattice was clipped to the intertidal range so that only available haul-out space was divided into cells. We then aggregated the clipped grid cells into larger sample units to match the scale of the environmental variables. To spatially aggregate grid cells into sample units, we used SAS PROC FASTCLUS (Version 9.1) to cluster according to the presence or absence of haulout sites, the spatial coordinates of each cell and the maximum number of clusters. The result of this operation was 224 habitat units, covering all available haulout area in central and lower Cook Inlet (Fig. 3 ).
Abundance data: We used the average count of harbor seals at each habitat unit within a given survey as the response variable. The data included some zeros in habitat units where harbor seals were not observed.
Substrate and biological wave exposure: A substrate and biological wave exposure dataset was used to determine whether seals selected certain substrate or wave exposure types more often than others. This dataset, derived from shore zone aerial surveys of the coastline of the Gulf of Alaska, was provided by Coastal and Ocean Resources Inc. (CORI). Biological wave exposure was interpolated from the presence or absence of certain faunal assemblages and consisted of 5 main groups (semi-exposed, exposed, protected, semiprotected and very protected). The substrate layer originally included 13 different categories. For simplicity, we combined these data into 6 broader classes (gravel, mud, mud/gravel, rock, sand and sand/rock). As there were often a number of different classes of substrate and wave exposure within a given habitat unit, each unit was assigned the value of the substrate or wave exposure type that composed the majority of the total.
Distance to water depths: A bathymetric data file from NOAA Electronic Navigation Charts (NOAA ENC) consisting of > 28 000 depth soundings was used to analyze the relationship between haul-out sites and distance to water of various depths. We converted the dataset to a raster at a cell size of 100 m. To analyze any potential relationships that might exist between haul-out site selection and bathymetry, we isolated 2 depths. Distances were calculated in meters from all habitat units to the closest points of 20 and 60 m in depth. These isolated depths allowed us to observe the relationship between harbor seal abundance at haulout sites and deep water drop offs. In the small number of cases where this distance was calculated over land, a route that a harbor seal would be unable to use, we measured the shortest path by sea manually.
Distance to seabed type: We used a dataset of seabed type provided by the National Imagery and Mapping Agency (NIMA) to investigate the relationship between harbor seal abundance and seabed type. Cook Inlet had 3 predominant seabed types: rock, mud and sand. Distances were calculated in meters from each habitat unit to the closest point of all seabed types. In the small number of cases where this distance was calculated over land, the shortest path by sea was measured manually. Anthropogenic disturbance: In Cook Inlet there were several different sources of anthropogenic disturbance. We focused on the relationship between the abundance of harbor seals and the distance to human communities. This was an effort to understand how harbor seals used haul-out sites in relation to human communities. We calculated the distance by sea from each habitat unit to coastal Cook Inlet communities. These communities included Homer, Kachemak, Kasilof, Anchor Point, Clam Gulch, Kenai, Nanwalek, Nikiski, Ninilchik, Port Graham, Salamatof, Seldovia and Seldovia Village. A correlation calculation was performed to test the degree of collinearity amongst the variables. As the distances to some of these communities were highly correlated (r > 0.7) among the habitat units, we revised the analysis to include only the distance from each habitat unit to the closest human community. This reduced the collinearity in the model.
Distance to anadromous fish stream: The Alaska Department of Fish and Game's Sport Fish Division provided the Fish Distribution Database (FDD) that contained information on the spatial distribution of potential harbor seal prey. All 5 species of Pacific salmon Oncorhynchus spp. are found in Cook Inlet (Vos 2003) as well as steelhead trout Oncorhynchus mykiss and Dolly Varden Salvelinus malma. The presence of these species varies seasonally, so the model for each of the 4 months included only those species that were present during the corresponding month of the aerial surveys. We calculated distances by sea from each habitat unit to the closest anadromous fish stream. Dolly Varden was excluded from the analysis because it was highly correlated (r > 0.7) with the distance-to-community variable.
Spatial regression analysis. Our analysis modeled the effect of environmental variables on the distribution and abundance of hauled-out harbor seals. Data from 8 aerial surveys were used to create 4 seasonal models. The data were modeled as a spatial regression (e.g. Ver Hoef et al. 2001):
where Y i was the response variable (harbor seal abundance) at the i th habitat unit, x i was a vector of the observed values of the explanatory variables at the i th habitat unit, β was a vector of regression parameters and Z i was a random error with zero mean and covariance that was spatially autocorrelated. Note that our model is similar to spatial models for regional disease mapping and lattice data (see e.g. Cressie 1993, p. 383) , where point locations (hauled-out seals) have been aggregated to a count for a habitat unit. All effects of seal interactions within the scale of a habitat unit have been subsumed by aggregation. The model is then built for the variation in counts among habitat units, which occurs at a larger scale (Taylor & Goddard 1974) . After accounting for the covariates in the model, any factors causing association at this scale, including seal interactions, are absorbed by spatial autocorrelation.
The response variable of harbor seal abundance was not normally distributed due to the presence of some zeros and several large values in the data. To satisfy the assumptions of the linear regression model, it was important for the residuals to closely approximate a normal distribution. We found a good approximation when all counts were log transformed [log(average count + 1)]. All explanatory variables that were distance calculations (in meters) were divided by 1000 to reduce round off or other numerical complications of large numbers.
Our model of autocorrelation among the random errors Z i relied on the distances between locations, which we took to be the distances between the centroids of the habitat units in Fig. 3 . For the autocorrelated errors, we used a spherical covariance model (Cressie 1993, p. 61 ) that allowed for anisotropy. For our data, anisotropy was evident because the data exhibited directional spatial dependence (Ripley 1981) . We used restricted maximum likelihood (REML, e.g. Ver Hoef et al. 2001) to estimate model parameters, using SAS PROC MIXED (Version 9.1). REML has less bias than maximum-likelihood estimation (Mardia & Marshall 1984) . All p-values for explanatory variables were based on the Type III hypothesis test in SAS, which tests each effect after all others; we used an F distribution with nr denominator degrees of freedom, where n is the sample size and r is the rank of the design matrix. The models consisted of the continuous response variable of harbor seal abundance and 14 different explanatory variables (Table 1) .
Separate models were fit for April, June, August and October and analyzed using spatial regression. Following Ver Hoef et al. (2001), variables with p > 0.15 were removed one at a time, starting with the least significant variable. This step-wise regression continued until the final model structure included all variables with p < 0.15. Final statistical significance was based on p < 0.05. Note that because we used REML, which integrates fixed effects out of the likelihood, it was not possible to use Akaike's information criterion (AIC) to choose for the fixed effect terms, our primary focus in these models. Although Hoeting et al. (2006) mentioned the possibility of selecting models using maximum likelihood and AIC, and then making the final fit using REML, this has not been tested in theory or practice. Therefore, for our spatial regression using REML, we used the traditional approach of stepwise selection of fixed effects.
RESULTS

Spatial regression analysis
April model
In the April model, wave exposure (p = 0.92), distance to mud seabed type (p = 0.91), distance to 60 m in depth (p = 0.37) and survey year (p = 0.33) were eliminated from the final model (Table 1) . The results of the model showed that abundance of hauled-out harbor seals Phoca vitulina increased in proximity to water 20 m in depth (p ≤ 0.0001). Distance to sand seabed type was not statistically significant (p = 0.07). Distance to rock seabed type was significant (p = 0.02) and harbor seal abundance at haul-out sites increased with distance from this seabed type. Haul-out substrate was significant (p ≤ 0.0001), and more harbor seals used rock substrates than any other substrate type. The remaining substrate types in descending order of their effects were sand/rock, mud, gravel, sand and mud/ gravel. More harbor seals were hauled out far away from Cook Inlet communities (p = 0.0003), and abundance of harbor seals increased close to steelhead trout Oncorhynchus mykiss streams (p = 0.02).
The regression coefficients for the distance variables were estimates of the expected change in the log average abundance of harbor seals for a unit change in distance, with all other variables held constant. There was a 0.091 decrease in the log average abundance of harbor seals with every 1 km move away from the nearest point of 20 m in depth (Table 1) . A 0.009 decrease in the log average abundance of harbor seals was found with every 1 km move closer to human communities. Also there was a 0.011 decrease in the log average abundance of harbor seals with every 1 km move away from steelhead trout streams.
June model
In the June model, wave exposure (p = 0.99), survey year (p = 0.86) and distance to sand seabed type (p = 0.58) were excluded from the final model (Table 1) . Distance to 20 m in depth was highly significant (p = 0.0004), and abundance of harbor seals increased at haul-out sites close to this depth. Distance to 60 m in depth (p = 0.051) and distance to mud seabed type (p = 0.09) were not statistically significant. Distance to rock seabed type was significant (p = 0.02), and abundance of harbor seals increased with distance from this seabed type. Haul-out substrate was highly significant (p ≤ 0.0001), with the greatest number of seals using rock. The remaining substrate types in descending order of their effects were gravel, sand/rock, sand, Table 1 . Results of the spatial regression by seasonal model. Each variable has an estimate of the regression parameter, a standard error and a p-value for every model.
Those variables that had p > 0.15 are grayed out. The variables that were not included in a model due to temporal variation are blacked out. Variables that had p > 0.15 for all models were not included in this table mud and mud/gravel. Distance to community was very significant (p ≤ 0.0001), with an increased abundance of harbor seals at haul-out sites far away from Cook Inlet communities. Additionally, distance to chinook salmon Oncorhynchus tshawytscha streams (p = 0.0001), steelhead trout O. mykiss streams (p = 0.03) and sockeye salmon O. nerka streams (p = 0.03) were significant. However, distance to chinook salmon streams was the only relationship where greater numbers of harbor seals used haul-out sites close to this prey source. The parameter estimates for the explanatory variables indicated that a 0.091 decrease in the log average abundance of harbor seals occurred with every 1 km move away from 20 m in depth (Table 1) . A 0.014 decrease in the log average abundance of harbor seals was found with every 1 km move closer to human communities. Also there was a 0.024 decrease in the log average abundance of harbor seals with every 1 km move away from chinook salmon streams.
August model
In the August model, distance to sockeye salmon streams (p = 0.96), wave exposure (p = 0.91), survey year (p = 0.85), distance to sand seabed type (p = 0.70) and distance to mud seabed type (p = 0.72) were excluded from the final model due to insignificance (Table 1 ). The final model demonstrated that harbor seal abundance increased close to 20 m in depth (p = 0.04). Distance to rock seabed type was not statistically significant (p = 0.06) and neither was distance to 60 m in depth (p = 0.08). Haul-out substrate was highly significant (p ≤ 0.0001), and more harbor seals used rock substrates than any other type. The remaining substrate types in descending order of their effects were sand/rock, sand, mud, mud/gravel and gravel. Distance to community was significant (p = 0.04), and more seals used haul-out sites far away from the communities. Harbor seal abundance increased at haul-out sites close to pink salmon Oncorhynchus gorbuscha streams (p = 0.007). The relationship with chinook salmon streams (p = 0.11) was not statistically significant. Distance to chum salmon O. kisutch streams (p = 0.0007), distance to coho salmon O. keta streams (p ≤ 0.0001) and distance to steelhead trout streams (p = 0.01) were significant with more harbor seals at haul-out sites farther away from these streams.
The parameter estimates for the explanatory variables revealed that there was a 0.051 decrease in the log average abundance of harbor seals with every 1 km move away from 20 m in depth (Table 1) . A 0.007 decrease in the log average abundance of harbor seals was found with every 1 km move closer to human communities. Also there was a 0.039 decrease in the log average abundance of harbor seals with every 1 km move away from pink salmon streams.
October model
In the October model, wave exposure (p = 0.99), distance to mud seabed type (p = 0.90), survey year (p = 0.69), distance to sand seabed type (p = 0.44) and distance to steelhead trout streams (p = 0.31) were removed due to insignificance ( Table 1) . Abundance of harbor seals increased at haul-out sites close to 20 m in depth (p = 0.02). Distance to 60 m in depth (p = 0.03) was also significant, and harbor seal abundance increased at haul-out sites near this bathymetric depth. Distance to rock seabed type was significant (p = 0.004), and abundance of harbor seals increased at haul-out sites that were far away from this variable. Haul-out substrate was statistically significant (p = 0.01), and abundance of harbor seals increased on rock substrate. The remaining substrate types in descending order of their effects were sand/rock, gravel, sand, mud and mud/gravel. Numbers of harbor seals increased with distance from human communities in Cook Inlet (p = 0.0004). Distance to sockeye salmon streams was significant (p = 0.005), with increased abundance of harbor seals at haul-out sites far away from sockeye streams.
The parameter estimates for the explanatory variables revealed that there was a 0.044 decrease in the log average abundance of harbor seals with every 1 km move away from 20 m in depth (Table 1) . A 0.009 decrease in the log average abundance of harbor seals was found with every 1 km move closer to human communities. Also there was a 0.015 decrease in the log average abundance of harbor seals with every 1 km move away from 60 m in depth.
Model comparison
The 4 models differed in the amounts of residual variation attributed to spatially autocorrelated errors (in geostatistics this is called the 'partial sill'; Cressie 1993) versus uncorrelated errors (in geostatistics this is called the 'nugget'; Cressie 1993) ( Table 2) . The total variance, also called the sill, is the sum of the nugget and partial sill. The ratio of the partial sill to the total variance is the proportion of residual variation that is due to spatial autocorrelation. Table 2 shows that April and October had smaller proportions (around 75%) of spatially autocorrelated residual variation than June and August (around 95%), but in all cases spatially autocorrelated variation was dominant over uncorrelated variation in the spatial regression analyses.
DISCUSSION
This spatial regression analysis revealed that certain environmental variables were important for harbor seal Phoca vitulina haul-out site use. Abundance of harbor seals was greater at haul-out sites that were farther away from Cook Inlet communities, closer to bathymetric depths of 20 m and near available prey. Additionally, seals tended to use haul-out sites with rock substrate more often than any other substrate type.
All of the month-specific models indicated that abundance of harbor seals was higher at haul-out sites that were farther away from coastal Cook Inlet communities. This result seems logical, as human populations are associated with foot traffic (Kenyon 1972 , Moss 1992 , car traffic, boat traffic (Allen et al. 1984 , Watts 1996 , air traffic (Moore et al. 2000) and pollution (Reijnders 1984) . Anthropogenic disturbance can lead seals to avoid or completely abandon haul-out areas (Sullivan 1980 , da Silva & Terhune 1988 ). In each model there was a 0.014 to 0.009 decrease in the log average abundance of harbor seals with every 1 km move closer to the coastal Cook Inlet communities. This result supports the notion that harbor seals tend to select sites farther away from human communities.
Harbor seal abundance increased with increasing proximity to a bathymetric depth of 20 m. This result illustrates that harbor seals selected sites close to deep water, as previously suggested (Scheffer & Slipp 1944 , Sullivan 1980 ). Access to deep water could be advantageous for a couple of reasons. It could lead to a greater availability of hunting opportunities for pelagic fish species such as walleye pollock Theragra chalcogramma and Pacific herring Clupea pallasi (Pitcher 1980) . Both species are found in the Gulf of Alaska (Sturdevant et al. 2001 ), including Cook Inlet (Abookire et al. 2000 , and are a preferred prey of harbor seals (Pitcher 1977) . Access to deep water could also afford greater escapement from disturbance or predation risk (Scheffer & Slipp 1944) . This variable was important in this analysis as there was a 0.044 to 0.091 decline in the log average abundance of harbor seals with every 1 km move away from waters 20 m in depth.
Selection of aquatic feeding grounds is vital to harbor seals (Matthiopoulos et al. 2004 ). The distribution of prey has a direct impact on the distribution and abundance of predators (Womble et al. 2005) . The changing levels of anadromous fish, for instance, cause seals and sea lions to modify their location and habits (Willson & Halupka 1995) . Our analysis revealed that harbor seals used haul-out sites that were close to steelhead trout streams in April, close to chinook salmon streams in June and close to pink salmon streams in August. These results show that harbor seals adapted to the temporal variation of anadromous prey and used haul-out sites that were close to available fish streams. October was the only month in which harbor seals were not found to use haul-out sites close to seasonal anadromous fish streams. However, in October, harbor seals were more abundant near waters of 60 m in depth. These 2 results suggest that in October harbor seals rely less on the seasonally reduced runs of anadromous fish and make more use of the pelagic water column. This conclusion is also supported by the fact that harbor seal abundance at haul-out sites drops off dramatically following the August molt (Sullivan 1980 , Ver Hoef & Frost 2003 , when animals begin spending more time at sea.
Our study showed that harbor seals selected haulout sites with rock substrates more often than any other substrate type. This result is consistent with previous studies. Harbor seal pups have been found to select rock haul-outs adjacent to islands that act as a wind break (Bjørge et al. 2002) . Schneider & Payne (1983) also noted that harbor seal abundance was greater on large offshore rocks.
Previous studies found that harbor seals avoid areas high in wave action (Sullivan 1980 ), yet we did not find a relationship between harbor seal haul-out abundance and biological wave exposure. This could be a result of the scale of the study. Future analyses might find relationships if they use habitat units at a scale that is more similar to that of the biological wave exposure layer.
This quantitative analysis revealed that harbor seals in Cook Inlet select specific environmental variables when identifying habitat that is appropriate for hauling out. Spatial regression confirmed that access to deep water, distance to anadromous fish streams, substrate type and anthropogenic disturbance are all important variables in the selection of appropriate haul-out habitat by harbor seals. Researchers conducting surveys in unfamiliar areas could use this analysis to predict spatial distributions of harbor seals, and this line of research could be replicated in other areas to determine how the selection of habitat varies across space. Table 2 . Covariance parameter estimates from the 4 different models. The 'partial sill' estimates the spatially structured variation of the model, while the 'nugget' estimates the uncorrelated variation. The ratio of the partial sill to the sum of partial sill and nugget provides a measure of each model's level of spatial autocorrelation
